A visual sensor is used to measure the vibration of a piezoelectric flexible cantilever plate. To decrease the image processing time and satisfy the requirement of real-time application, the searching range is limited by selecting region of interest images and using a tracking technique. After image processing, including median filter, image segmentation for object recognition, least squares technique, the vibrations of bending and torsional modes for flexible plate can be obtained. The visual measured signals are used as feedback to suppress the excited vibrations. The conventional proportional plus derivative (PD) control and finite-time control algorithms are designed and implemented. The experiments are conducted. The decoupling of measurement of the bending and torsional vibrations is realized by the visual sensor accompany with applying the image processing methods. Experimental results demonstrate that the designed control algorithm can suppress the low-frequency vibration effectively. Furthermore, the finite-time controller can damp out the small amplitude vibration much better than that of the PD control.
Introduction
Some of the flexible appendages are cantilever plate structures made of lightweight materials, such as solar panels and plate shape antennas. Usually, the coupled bending and torsional vibrations of cantilever plate will be caused unavoidably. Vibration control for the large plate structure is of high practical importance. Piezoelectric element is one of the most attractive materials for smart structures because of good mechanical-electrical coupling characteristics, frequency response and reliability (Ji et al., 2010) . Piezoelectric material's properties make it an ideal choice in vibration suppression. The piezoelectric material can be integrated into a structural member and can be used as either a sensor or an actuator (Shimon et al., 2005) . Generally, piezoceramics lead zirconate titanate (PZT) patches are used as sensors/actuators.
The control algorithms applied to active control of flexible plates include: proportional plus derivative (PD) control, positive position feedback (PPF) control, positive velocity feedback and H 1 control (Shimon et al., 2005) , adaptive FIR controller based on the LMS algorithm (St-Amant and Cheng, 2000) , H 1 control with m-analysis (Iorga et al., 2009) , parallel neurofuzzy control with genetic algorithm tuning (Lin and Zheng, 2012) , time-delay controller (Chen et al., 2009) , self-adaptive neuro-controller (Valoor et al., 2000) , etc.
Among the implemented controllers, complex controllers are difficult to test and time-consuming due to mass computation. Therefore, the easily implemented control algorithms should be considered. The finitetime control of dynamical systems is of interest because systems with finite-time convergence demonstrate some nice features such as better robustness and disturbance rejection properties (Ding and Li, 2009 ). The asymptotic stability can be achieved by the conventional PD controller. Asymptotic stability implies that the system trajectories converge to the equilibrium as time goes to infinity. It is known that finite-time stabilization of dynamical systems may give rise to a high-precision performance besides finite-time convergence to the equilibrium (Yu et al, 2005) . Su and Zheng (2011) and Su (2009) investigated global finite-time tracking control of robot manipulators. The simulations demonstrated the effectiveness and improved performances of the designed finite-time controller.
The most popular sensors used to measure the vibration of a flexible plate are accelerometers and strain gauges, such as PZT patches and resistance strain gages. Unfortunately, the use of accelerometers and PZT patches will change the mass and stiffness of the structure. To overcome this problem, non-contact measurement techniques are considered. Ma and Lin (2005) provided two non-contact optical techniques to investigate the transverse vibration characteristics of piezoceramic rectangular plates in resonance. Both resonant frequencies and mode shapes of a vibrating piezoceramic plate can be obtained simultaneously. A video system was proposed as a contactless multipoint displacement sensor for beam vibration measurement (Tang and Lu, 1992) . End edge feedback vibration control of a flexible manipulator was also investigated (Qiu et al., 2012) . Stieber et al. (1999) discussed the solution to the measurement problem with a vision system using photogrammatic image processing to determine the motion of objects in real time. Three dimensional (3D) digital image correlation methods (Helfrick et al., 2011) were used to measure the shape and deformation of a vibrating structure. Although digital image correlation has several advantages for vibration measurement, the approach also has limitations. The highest measurable frequency is largely dictated by the cameras used. High speed cameras tend to be very expensive and their resolution degrades as the frame rate increases (Helfrick et al., 2011) . Therefore, lowfrequency vibration control with vision feedback was developed (Chang and Shaw, 2007) . For measuring the vibration of a flexible cantilever plate using a visual sensor, decoupling of bending and torsional vibrations on measurement should be conducted by investigating the system construction and image processing methods.
The aim of this investigation is to minimize the bending and torsional vibrations at the plate tip, when subjected to an external excitation. A charge-coupled device (CCD) camera is used as the visual sensor to measure the torsional and bending motion of a flexible cantilever plate. PZT patches are used as actuators to suppress the vibrations. Comparatively speaking, the new contributions are listed as follows: (a) a visual sensor based bending and torsional low-frequency vibration measurement and control of a piezoelectric flexible cantilever plate system is presented and constructed. (b) In the presented system, only one CCD camera is utilized to measure both the bending and the torsional low-frequency vibrations of the flexible cantilever plate simultaneously. Decoupling of the bending and torsional vibrations on measurement is implemented by using the investigated image processing methods. Moreover, the measured vibration signals of the low-frequency bending and torsional modes are used as feedback information for vibration control. (c) Experimental comparison studies are conducted to verify the presented visual feedback control method and the designed control algorithms, including the classical PD control and finite-time control algorithms. The experimental results demonstrated the designed finitetime control can damp out the residual bending and torsional vibrations effectively.
The organization of the paper is as follows: section 2 describes a visual sensor based piezoelectric flexible cantilever plate experimental system. In section 3, visual image processing methods are proposed to fetch the low-frequency bending and torsional vibrations of the flexible plate. In section 4, the conventional PD control and finite-time control algorithms are designed. In section 5, experimental comparison studies are carried out, and the experimental results are analyzed. Finally, the conclusions are given in section 6.
Description of the piezoelectric plate experimental system and visual measurement
In order to investigate the proposed vision-based feedback and the control method, an experimental apparatus is constructed. The photograph of the vision-based piezoelectric flexible plate setup is shown in Figure 1 . The experimental system constitutes a piezoelectric flexible cantilever plate, a CCD camera with a lens and a light source, a computer and a data acquisition and control card. The measured signals of bending and torsional motion can be fetched by image processing, using the detected image of the endface of the plate's free side. The host plate is made of fiberglass colophony with one end clamped and fixed to a base. The PZT patches are bonded on both surfaces of the host plate using strong epoxy adhesive material. A CCD camera (DFK 21BU04, with better performance and relatively inexpensive price) is fixed at the front of the plate's free side, fixed on a tripod mounting. The distance between the lens and the plate's tip is 300 mm. The size of the measured image is 480Â640 pixels. A lens (M1614-MP2) and an adjustable light source (MIC-210/40) are mounted on the camera. A distinct and high contrast image can be obtained by focusing the lens and adjusting the illumination intensity of the light source. The optical axis of the CCD camera is vertical to the end plane of the plate's free side in its state of rest, close to the center line of the plate in the width direction. The flexural vibration of the free side is within the field of vision. The range of the free side's transverse movement should be in the range of field to keep continuous measurement. The obtained images are processed to get the information of the low frequency bending and torsional vibrations of the light damped flexible plate structure.
The control system is realized by using a PC, Pentium Intel I3-2100, CPU 3.1 GHz. The CCD camera is connected to the PC by a USB plug socket. The visual signal measured by the CCD camera is sent to a PC. The CCD camera can transmit 60 frames per second. Also, a data acquisition and control board (PCI-1800H) is attached to the PC via an expansion PCI bus, with 16-channel 12-bit analog-to-digital (A/D) and 2-channel 12 bit digital-to-analog (D/A) conversion. The control board is used to convert the digital signal into the analogue signal via a zero-order hold. The output analogue signals are the generated control voltages which can be amplified by two channel high PZT voltage amplifiers (using the chip APEX PA240CX) to drive the PZT actuators. The PZT voltage amplifier expands the output control voltage from the range (À5 V $þ 5 V) to the range (À260 V $þ 260 V).
The control software used in this investigation is program Cþþ. The fast sampling time would be prohibitive for visual feedback control because the image acquisition and online process time cannot exceed sampling periods. The sampling period was selected as 16 ms for the control experiments, considering the fact that the selected CCD camera can provide 60 frames per second. In the process of image acquisition, the signal of the previous frame is utilized if the new frame is not generated or obtained in some cases. Figure 2 schematically illustrates the flexible plate system integrated with a CCD camera which can be used to detect the transverse displacement and torsional angle of the tip side of the flexible cantilever plate. The vibration of a cantilever plate includes coupling both the bending and torsional motion.
The mode shapes of the flexible cantilever plate are shown in Figure 3 . The first and the second bending modes are shown in Figure 3 (a) and (c), respectively. Figure 3 (b) plots the first torsional mode of vibration. From Figure 3 (a) and (c), one knows that once the bending vibration is excited, a transverse displacement S in the horizontal direction of the endface will be caused at the tip side. Similarly, the torsional angle ' of the endface reflects the low frequency torsional motion. Then, the signals of the bending and torsional vibrations are obtained by using non-contact measurement method. According the modal shapes and the principle of visual measurement, it is convenient for decoupling the detected signals of the bending and torsional motion.
For suppressing the vibrations, PZT patches are used as actuators to actuate the bending and torsional vibrations. Based on the previous research of Qiu et al. (2007) , the practical locations of PZT patches and two centralized masses are schematically illustrated in Figure 4 . The masses of centralized mass 1 and centralized mass 2 are 101 g and 353 g, respectively.
Eight PZT patches are symmetrically bonded on both surfaces of the plate, close to the clamped side. They are used as a one-channel bending vibration actuator by parallel connecting, with their orientation angle of 0 . For bending actuator, the PZT patches are electrically connected in identical-phase for either surface of the plate but in counter-phase for two surfaces to maximize the bending force. Six PZT patches antisymmetrically are bonded on both the surfaces of the host plate, close to the tip side of the plate. They are used as a one-channel torsional actuator, with their orientation angle of 45 on one surface and 135 on the other surface. For torsional actuator, the PZT patches are electrically connected in identical-phase for all the PZT patches bonded on both surfaces to maximize the torsional torque. Two centralized masses are mounted at two tip side corners. The centralized masses can decrease the natural frequencies of the low-frequency modes. This aims to meet the sampling requirement under the consideration of the frame rate and measurable frequency of the adopted CCD camera. The physical properties and geometric sizes of the host plate and PZT patches are listed in Table 1 . Figure 5 shows the connections and data flow among the visual measurement and feedback control of the plate system. The CCD camera is used to detect the vibration of the flexible plate. Then the data are transmitted to the PC for image processing. The objective of using the CCD camera is to detect the transverse and the torsional angle of the plate's free side. Then, the bending and torsional motion signal can be extracted and used for feedback. The designed controllers are carried out to suppress both the bending and torsional vibrations of the flexible plate. In total, this system comprises two control channels, one for bending vibration and the other for torsional motion. Furthermore, the controller design for the two channels can be carried out independently. The controllers employed in this investigation include the conventional PD control and finite-time control.
Visual image processing
Visual image processing is accomplished by dealing with the measured grayscale values of the pixels. Figure 6 shows the flow chart of vision-based vibration measurement. A whole image is a detected segment of the plate's endface, and it has 480 Â 640 array of pixels. If the acquired image is the first frame, the whole image should be handled by the computer. Then the object area of the center position of the endface will be obtained and the Region of Interest (ROI) can be selected accordingly. If the acquired image is not the first frame, the following procedures comprise image acquisition, the selection of ROI, image filtering, image detection and segmentation, object recognition and fetching vibration information of bending and torsional modes.
In the experiments, a visual sensor is used to detect the bending and torsional vibrations of the plate. Due to the excessive image processing time needed for the large quantities of the generated data, the real-time control of the visual feedback system is of great importance. In addition, the sampling time should be selected according to the camera's frame and the processing time. To increase the speed and accuracy of the plate's vibration measurement, several approaches are utilized. First, the searching range is limited around the center position of the previous sampling. A tracking technique is used to reduce the quantity of image data (Tang and Lu, 1992) . A ROI image is suitably chosen. Second, fast parallel median filter and image processing methods are utilized. Third, Hough transform and a least-squares technique are used to increase the accuracy of the vibration measurement.
Selection of ROI image
The video of image acquisition has 480 Â 640 pixels per frame. For the first frame, the whole image with 480 Â 640 pixels per frame should be processed. Thus, one can obtain the center position of the free side in the image. Then, ROI image is selected to decrease the processing time by reducing the quantity of image data. In the experiments, if it is the first frame by judging, then the whole image is processed to obtain the center position of the endface of the plate's free side. If it is not the first frame, then H 1 Â W 1 pixels image ROI1 is selected for bending vibration according to the obtained center position of the previous sample, where, H 1 and W 1 denote the height and the width of the ROI, respectively. In addition, H 2 Â W 2 pixels image ROI2 is selected for torsional vibration according to the obtained center position. After using trialand-error procedure, ROI1 is chosen as H 1 ¼ 48 pixels, W 1 ¼ 2 Â R max þ 1, where R max ¼ 50 pixels is the maximum researching range due to that the maximum displacement change between two samples is less than R max . Thus, ROI1 is selected as 48 Â 101 pixels. Similarly, ROI2 is selected as H 2 ¼ 480 pixels, W 2 ¼ 71 pixels. The tracking techniques are applied, and the ROI moves timely.
Image filtering
To eliminate the noise from the measured image, image filtering is applied to filter away bad pixels. The median filter is a better filter method used in image processing. It selects the median value from each pixel's neighborhood. A 3 Â 3 square is utilized in the research. To decrease the processing time, a fast parallel median filtering is adopted according to reference ( Kolte et al., 1999) . The flow chart of the fast parallel median filtering is shown in Figure 7 . The functions max(), med() and min() denote finding the maximum element, the median element and the minimum element from the corresponding sets. of the third row should be found; then, one obtains a minimum group with three elements. Fourth, we use the above-mentioned three functions to find the minimum element Min_max from the obtained maximum group, the median element Med_med from the obtained median group and the maximum element Max_min from the obtained minimum group. Finally, the median element Med can be found from the set [Min_max, Med_med, Max_min] .
The above-mentioned fast median filter operation focuses on a single template. When the template moves on the image, the gray levels of the pixels in the template should be updated continuously. For 3 Â 3 square templates, because two templates have some same pixels among the eight neighborhood pixels of the adjacent, thus, not all the pixels in the template are updated every time. The relationship between the pixels' column and the updated column is: J ¼ ð j À 2Þ %3, where, j is the pixels' column and J is the column should be updated; % denotes remainder operation. For example, these pixels of the jth (j 6 ¼ 1) column, only assign the value of the j þ 1 ð Þth column to those of ½ð j À 2Þ %3th column in the template.
Image segmentation for object recognition
An edge detection algorithm is used to find the edges in the image. Then two edge lines of the plate's endface can be found. As for the discrete image data, different methods are applied. A small region template is considered as shown in Figure 8 . Z 1 $ Z 9 represent the gray levels of the corresponding pixels in their locations. The edge of the image is the maximum absolute value of the differences between the pixel's gray-lever value and those of all its surrounding pixels in the input image.
Roberts's operator is
To decrease the time for image processing, a tracking method is used. Given a maximum vibration speed of interest, the maximum displacement change between two samples can be analyzed (Tang and Lu, 1992) . Calculating the center position of the endface of the free side in ROI, then the center position of the free side in the whole imagine will be obtained by referring the position of ROI in the whole image. Thus, the searching range can be limited based on the previous sample to decrease the searching time for the present sample. The edges of the free side in ROI image are two lines. Using the tracking method, the two edges of the free side in ROI image can be detected with the movement of the plate's free side. Hough transform is applied to detect two edge lines.
The gray level of the original image is assumed as f x, y ð Þ; where x and y represent the numbers of the row and column of the pixels, respectively. Each image pixel has 256 gray levels, from 0 to 255. To separate the object from the background, the binary image processing using the threshold segmentation method as
where is a specified threshold value. The moderate selection of the threshold value corresponds to the environmental intensity of illumination.
Fetching vibration information
The measured video contains the information of bending vibration and torsional motion. The vibration information is fetched to obtain the transverse displacement and the torsional angle of the endface of the plate.
3.4.1. Transverse displacement corresponding to the bending vibration. The horizontal displacement from the center line of the plate's endface is proportional to the bending vibration displacement of the plate. After image processing and recognition, the margin of the image ROI for the measured terminal face is obtained. The center line of the endface of the plate's free side in the ROI image can be calculated as
where x i and y i represent the horizontal ordinate value and vertical ordinate value of the ith pixel in ROI; n is the number of pixels; x center and y center denote the horizontal ordinate value and vertical ordinate value of the center line of the free side. The upper-left pixel of the ROI is set as X ROI , Y ROI ð Þ , then the ordinate values of the center line of the free side in the whole image can be expressed as
The initial centralized coordinate of the terminal face of the free side is specified as X 0 , Y 0 ð Þ, then the transverse displacement of the free side is
Since the free side of the plate moves along the horizontal direction, one can obtain
After calibration of the CCD camera, the relationship between the image coordinate and the coordinate systems of the camera in the world is
where, S is the transverse displacement corresponding to Figure 3 (a) and (c).
3.4.2. Torsional angle corresponding to the torsional motion. Besides measuring the bending motion, the torsional motion of the first mode should be measured for the flexible cantilever plate. The torsional angle of the center line of the plate's free side is proportional to the torsional vibration angular displacement of the plate. The measured image of a section of the free side is shown in Figure 9 , and ' is the torsional angle at a moment.
Since the torsional angle is very small. Thus, the variables of the horizontal coordinate and the vertical coordinate are exchanged; that is to say, the variables x and y are used to the vertical coordinate and horizontal ordinate, respectively. The original point o is the pixel point in the top left corner. oa and oc are the height and width of the ROI image, respectively.
If a sequence data of points
. . x n , y n ð Þ in the vicinity of a line y ¼ kx þ b, then they can be fitted by the line using the least squares technique. The principle of the least squares technique is that the sum of squares of the distances from all the points to the line is least.
The minimum value of V meets the conditions: the partial derivatives of V with respect to k and b are zero, i.e.
Equation (9) can be written as
The linear slope k and pitch b can be solved from equation (10) and expressed as
Substituting all the known data of the points of the binary image into equations (11) and (12), the linear slope and pitch can be obtained. The slope is k ¼ tan ; where is the included angle between the obtained line and positive direction of the x-axis. And it can be calculated as
where is the obtained torsional angle, and its unit is radian.
where ' is the torsional angle of the free side of the plate, and its unit is degree.
Vision-based vibration measurement results
An edge detection based image segmentation method (Yao, 2006 ) is used to process the image. Figure 10 shows the image processing of torsional angle measurement for a whole image. Figure 10(a) shows the media filtered image. After edge detection, the edge of the free side can be extracted and shown in Figure 10(b) . The processing result of image segmentation by using binaryzation method is shown in Figure 10 (c), then two edge lines of the plate's free side can be extracted. An oblique line is obtained as shown in Figure 10 When one wants to obtain the transverse displacement, equations (3)- (7) are used. Moreover, the torsional angle at this moment can be obtained, just the angle between the center line and a vertical line. Using equations (11) and (12), the linear slope k and pitch b are obtained. Thus, the torsional angle is measured at the moment of the free side.
To decrease the processing time, ROI2 of 480 Â 71 pixels is selected for torsional angle measurement. Because Hough transform is time-consuming, it is not adopted to process the torsional angle. Only the least squares fitting method is used. Similar to Figure 10 , Figure 11 shows the torsional angle processing of ROI2 image. Median filtering, edge detection, binaryzation and least square fitting of ROI2 image are illustrated in Figure 11 (a)-(d), respectively.
In this investigation, a cantilever piezoelectric plate is the research object. The small area in an image, i.e., ROI is taken to detect the distal rectangle of the plate. When this technique is applied to a slewing plate, the CCD camera should be fixed on the slewing skeleton frame which can slew with the rotating axis of the slewing plate.
Controller design

PD controllers
In designing controllers for the flexible plate, the objective is to suppress the excited vibration. The measured bending and torsional vibration signals fetched by the visual sensor are used as feedback. Two closed-loop control channels are employed for the bending and torsional motion, respectively. The PZT actuators are utilized to attenuate the excited vibration. Most visual servo systems have the problem of time-delay because the image processing required (Chang and Shaw, 2007) . In general, relative stability and system performance will degrade when time delay exists. Therefore, time delay compensation should be also considered.
The conventional PD controller with time-delay compensator for bending vibration is where K p1 4 0 and K d1 4 0 are the proportional and derivative control gains for suppressing the bending vibration, respectively; u b is the control value for bending vibration; Sðt À Á b Þ is the transverse displacement measured by the visual sensor; and a over dot indicates the derivative with respect to time; Á b is the phase tuning time, to compensate for the delay time of the system. The torsional vibration PD controller together with a time-delay compensator is
where K p2 4 0 and K d2 4 0 are the proportional and derivative control gains for torsional vibration, respectively; u t is the control value for the torsional motion; 'ðt À Á t Þ is the torsional angle measured by the CCD camera; Á t is the phase tuning time for the torsional controller. Theoretically, the PD controller can only achieve asymptotic convergence in infinite time. Thus, the convergence rate is far from satisfactory. To deal with this problem, the control laws with finite-time convergence are more desirable.
Finite-time control law design
Finite-time control laws have a faster convergence rate and better performance. To aid the subsequent control design, a function sig Á ð Þ is defined as Ding and Li (2009) 
where 0 5 5 1, and sign Á ð Þ is the standard signum function.
To increase the convergence rate, a fast reaching law with accelerated items is considered. The bending vibration controller is
where k b1 4 0, k b2 4 0, 0 5 1 5 1,0 5 2 5 1, k 1 4 0, k 2 4 0. Similarly, the finite-time controller with fast reaching items is
where k t1 4 0, k t2 4 0, 0 5 3 5 1, 0 5 4 5 1, k 3 4 0, k 4 4 0.
In equations (18) and (19), the first two items correspond to the finite-time control, and the last two items correspond to the fast reaching law.
Butterworth filters design
In this paper, only the vibrations of the first two bending modes and the first torsional mode are considered for measurement and suppression. In order to eliminate signal noise from the measured signals of bending and torsional vibration, two fourth order Butterworth lowpass filters are designed, respectively, with their cutoff frequencies of ! c ¼ 9:0 Hz and ! c ¼ 6:0 Hz.
The frequency response of the low-pass filter with its central frequency 9.0 Hz is shown in Figure 12(a) . In addition, to decouple the vibrations of the bending mode and the torsional mode, a band-stop filter and a band-pass filter are also designed and used for detecting the bending and torsional vibration signals, respectively. The central frequency of the band-stop and the band-pass filters is 3.13 Hz, equal to that of the first torsional vibration mode. The bandwidth is 10 rad/s. The band-stop and band-pass filters are shown in Figure 12 (b) and (c), respectively.
Experimental results of vibration suppression
Modal identification and analysis of the cantilever plate
In general, any number of modes can be learned depending upon the dynamic vibration characteristics of the system. However, for most practical structures, only a few modes provide significant vibration characteristics since it is generally more difficult to excite higher modes (Valoor et al., 2000) . Therefore, the high-frequency modes can be neglected on physical grounds and truncated in the experimental system. For the present experiments, only the first two bending modes and the first torsional mode of vibration are considered. After image processing and visual detection using the CCD camera, the signals of the bending and torsional vibration are obtained by using aforementioned image acquisition and processing methods. They can be used for subsequent vibration identification and feedback control.
In order to validate the presented decoupling method of bending and torsional vibrations by using visual signals and to identify the practical modal frequencies of the flexible cantilever plate system, experimental excitation analyses are conducted. In the subsequent experiments, several fourth-order low-pass Butterworth digital filters, a fourth-order band-pass Butterworth digital filter and a fourth-order bandstop Butterworth digital filter are applied to pre-filter the measured signal of the bending and torsional vibrations. A low-pass filter with its roll-off frequency of 9 Hz and the band-stop filter with its central frequency of 3.13 Hz are employed to pre-filter the fetched visual sensor's signal of the bending vibration. A low-pass filter with its central frequency of 6 Hz and the bandpass filter with its central frequency of 3.13 Hz are adopted to pre-filter the fetched signal of the torsional vibration.
After exciting the vibration of the first bending mode, the time-domain response without control obtained by visual signal is depicted in Figure 13 (a). The bending vibration corresponds to the transverse displacement of the free side. The curve of power spectrum density is obtained as shown in Figure 13(b) . After exciting the vibration of the first two bending modes, the time-domain response without control measured by the CCD camera is depicted in Figure 14 From Figures 13(a) and 14(a) , one knows that the damping of the flexible plate structure is small. Because of the added two centralized masses mounted at the tip side of the plate, the kinetic energy of the system is larger than that without centralized masses. Therefore, the vibration will last a much longer time to disappear.
The bending vibration signals correspond to the measured transverse displacement at a correspondent sampling instant. Similarly, the torsional vibration signal corresponds to the extracted torsional angle from image processing at a correspondent sampling instant.
After exciting the vibration of the first torsional mode, the time-domain response is shown in Figure 12 . Amplitude frequency response curves of Butterworth filters: (a) a fourth order Butterworth low-pass filter with its cutoff frequency 9.0 Hz, (b) a fourth order band-stop (notch) filter, BW ¼ 10 rad/s, central frequency 3.13 Hz, and (c) a fourth order bandpass filter, BW ¼ 10 rad/s, central frequency 3.13 Hz. Figure 15 (a). The torsional motion corresponds to the detected torsional angle of the free side. And the curve of power spectrum density is shown in Figure 15(b) . The natural frequency of the first torsional mode of vibration is ! 12 ¼ 3:12 Hz. One can also know that the torsional vibration without active control will take a long period to damp out. Figure 16 plots the consuming time of image processing. Except for the first frame of the whole image, the other frames only ROI1 and ROI2 images are processed. The consuming time of the first frame of the whole image is about 18.2 ms. The consuming time for ROI1 and ROI2 is less than 8 ms. That is to say, it takes 8 ms to obtain the bending and torsional vibration information using the investigated image processing methods. The processing time meets the requirement of the sampling period of 16 ms due to the suitable selection of ROI. The real-time image processing can satisfy the closed loop control after selecting the appropriate ROI. Thus, the real-time control can be guaranteed. Also, the performance for detecting the bending and torsional motion is satisfactory. Therefore, the image processing methods applied in this investigation are validated.
The image processing is time-consuming for a realtime control system. In this investigation, the image processing time can meet the requirement for realtime control. It is generally very difficult for a vision system to obtain the vibration information with higher frequencies. Here, only the low frequency modal vibrations including the first three modes are considered as the targeted ones. To measure the vibration information with higher frequencies, high speed camera should be utilized.
Experimental results of active vibration control
In this article, two test cases were taken into account in experiments: the first case was for the first and the first two bending modes of vibration; the second case was for the first torsional mode of vibration. Two kinds of control algorithms are implemented, including the conventional PD control and finite-time control. For bending vibration suppression using a PD controller, the control gains are chosen as K p1 ¼ 0:7 and K d1 ¼ 0:025. Figures 17 and 18 present experimental results for controlled response of the first and the first From the experimental results, it can be seen that the larger amplitude bending vibration can be suppressed effectively. Due to the mounted tip masses, the vibration response time will last a little longer than that without centralized tip-masses. And the small amplitude residual vibration will take a long time to disappear. Compared the controlled responses with those without centralized mass, the small amplitude vibration will take a long time to disappear due to the increased kinetic energy of two centralized masses mounted at the tip side of the plate.
To increase the convergence rate for the small amplitude residual vibration, finite-time control algorithm is implemented. The control parameters are chosen as: (a) and 18(a) , it can be seen that the rates of decay of the large amplitude vibration are almost same. However, the response time of the small amplitude vibration under the conventional PD controller is longer than those under finite-time control. The results from the vibration suppression of the bending modes verify the adopted control algorithms.
For torsional vibration suppression using a PD controller, the control gains are chosen as K p2 ¼ 3:5 and K d2 ¼ 0:20. Figure 21 shows the vibration response of the first torsional mode. Figure 21 vibration can be decayed quickly. From Figure 22 (b), one knows that the control voltage is largely amplified for small amplitude vibration. Therefore, the small amplitude vibration can be damped out effectively.
Conclusions
This work presents a contactless visual sensor to measure the modal vibration of the piezoelectric flexible cantilever plate. The image processing includes the selection of ROI, median filter, image segmentation for object recognition, etc. Then, the time for image processing is decreased, and the real-time application is satisfied. After image processing, the low-frequency bending and torsional vibrations of the flexible plate are fetched and used as the feedback information. The conventional PD control and finite-time control with time delay compensation are implemented, together with the designed Butterworth filters. The experimental results demonstrate that the convergence rate for small amplitude vibration is faster than that of the PD control when using finite-time control. The experiments verify the presented visual feedback is feasible, and the adopted control algorithms can suppress the vibration of the flexible cantilever plate significantly. 
